As the closest living relatives of animals, choanoflagellates offer unique insights into animal 23 origins and core mechanisms underlying animal cell biology. However, unlike traditional model 24 organisms, such as yeast, flies and worms, choanoflagellates have been refractory to DNA 25 delivery methods for expressing foreign genes. Here we report the establishment of a robust 26 method for expressing transgenes in the choanoflagellate Salpingoeca rosetta, overcoming 27 barriers that have previously hampered DNA delivery and expression. To demonstrate how this 28 method accelerates the study of S. rosetta cell biology, we engineered a panel of fluorescent 29 protein markers that illuminate key features of choanoflagellate cells. We then investigated the 30 localization of choanoflagellate septins, a family of GTP-binding cytoskeletal proteins that are 31 hypothesized to regulate the multicellular rosette development in S. rosetta. Fluorescently 32 tagged septins localized to the basal pole of S. rosetta single cells and rosettes in a pattern 33 resembling septin localization in animal epithelia. The establishment of transfection in S. rosetta 34 and its application to the study of septins represent critical advances in the growth of S. rosetta 35 as an experimental model for investigating choanoflagellate cell biology, core mechanisms 36 underlying animal cell biology, and the origin of animals. 37
INTRODUCTION 38
First described in the mid-19 th century, choanoflagellates inspired great debate regarding 39 animal taxonomy (James-Clark, 1868; Kent, 1871; Leadbeater, 2015) . The most diagnostic 40 morphological feature of choanoflagellates, a "collar complex" composed of a single apical 41 flagellum surrounded by a collar of actin-filled microvilli (Fig. 1) , was interpreted as evidence of 42 a special relationship between choanoflagellates and sponges, whose choanocytes (or "collar 43 cells") each bear a collar complex. Subsequent phylogenetic analyses and the discovery of cells 44 with a collar complex in nearly all animal phyla have revealed that sponges and all other 45 animals are monophyletic, with choanoflagellates as their closest living relatives ( Fig. 1) (Lang 46 et al., 2002; King et al., 2008; Ruiz-Trillo et al., 2008; Burger et al., 2003; Fairclough et al., 2013; 47 We observed that transfected cells resembled untransfected cells in their shape, motility, 133 and ability to propagate, indicating that transfection did not irreparably harm S. rosetta. 134
Fluorescence persisted through multiple cell divisions, yet the diminishing signal in daughter 135 cells indicated that transfection was transient (Fig. S6A ). Importantly, using flow cytometry one 136 to two days after transfection, we found that ~1% of the population was reproducibly 137 transfected, and fluorescence-activated cell sorting enriched this transfected cell population 138 ( Fig. S6B ). This transfection frequency is comparable to high frequency episomal transformation 139 of the model yeast Saccharomyces cerevisiae that ranges from 1 -10% (Schiestl and Gietz, 140 1989; Kawai et al., 2010) , and similar transfection frequencies are achieved in model 141 apicocomplexans (Janse, Franke-Fayard et al., 2006; Caro et al., 2012) . 142 143
Fluorescent markers illuminate the cell architecture of S. rosetta 144
To demonstrate the versatility of the new method for transfection and simultaneously 145 explore the cell biology of S. rosetta in vivo, we designed a set of fluorescent reporters to mark 146 key features of S. rosetta cells: the nucleus, cytoplasm, collar, filopodia, flagellum, membrane, 147 mitochondria and endoplasmic reticulum (ER). For each fluorescent reporter, the mCherry gene 148 was fused in-frame to S. rosetta DNA sequences encoding conserved proteins or peptides that 149 localize to specific organelles or subcellular regions in yeast and mammalian cells. To 150 benchmark each fluorescent marker, we compared its localization in transfected cells to cellular 151 landmarks known from electron and immunofluorescence micrographs ( Fig. S7 ) (Abedin and 152 King, 2008; King et al., 2009; King et al., 2008; Sebe-Pedros et al., 2013; Leadbeater, 2015) . 153
Electron micrographs have revealed two distinct regions in the nucleus: the darkly-stained 154 nucleolus positioned in the center and the surrounding, more lightly-stained nucleoplasm 155 (Leadbeater, 2015; Burkhardt et al., 2014) . As predicted, mCherry fused to either the carboxy 156 terminus of H3 or the amino terminus of the simian virus 40 nuclear localization signal localized 157 primarily to the S. rosetta nucleoplasm and was excluded from the cytoplasm (Fig. 3B , C) 158 (Kanda et al., 1998; Kalderon et al., 1984) . In contrast, the cytoplasmic marker EFL-mCherry 159 (Huh et al., 2003) localized to the cytosol and was excluded from the nucleus (Fig. 3D ). 160
Two of the most diagnostic features of the choanoflagellate cell are the actin-filled collar 161 and the flagellum, which is comprised of microtubules (Karpov and Leadbeater, 1998) . A fusion 162 of mCherry to the filamentous actin-binding peptide Lifeact (Riedl et al., 2008) highlighted the 163 parallel arrangement of straight microvilli in the collar ( Fig. 3G and 3J ), as well as filopodia 164 extending from the basal pole of the cell (Fig. 3G , lower arrow) (Karpov and Leadbeater, 1998; 165 Sebe-Pedros et al., 2013). In live cells, Lifeact-mCherry revealed the native structure of the 166 collar, which can be distorted in cells fixed for staining with fluorescent phalloidin or actin 167 antibodies (Sebe-Pedros et al., 2013). Lifeact-mCherry also showed details of actin filament 168 organization that have not previously been evident, such as the existence of actin filaments that 169 originate in the cell body and coalesce at the base of the collar to form each microvillus ( Fig.  170 3G', upper arrow; improved immunofluorescence techniques also preserve these cortical actin 171 filaments, Fig. 1B) . A fusion of α-tubulin to mCherry 
Transgenesis reveals septin localization in live S. rosetta single cells and rosettes 191
A major motivation for establishing transgenics in S. rosetta was to rapidly characterize 192 candidate genes for multicellularity. Therefore, we investigated the localization of septins, a 193 family of paralogous genes hypothesized to contribute to multicellular development in S. rosetta 194 (Fairclough et al., 2013) . The assembly of septin monomers into higher order structures is The basal and lateral localization of SrSeptin2 and SrSeptin6 in rosettes is reminiscent of 233 septin localization in polarized epithelial cells (Fares et al., 1995; Spiliotis et al., 2008) , in which 234 septins interact with the positive ends of microtubules that are growing toward the basal pole 235 (Bowen et al., 2011) . In choanoflagellates, microtubules radiate down from the apical 236 microtubule organizing centers (Karpov and Leadbeater, 1998) , with the plus ends meeting at 237 the basal pole of each cell, similar to the orientation of microtubule plus ends toward the basal 238 pole in animal epithelia (Meads and Schroer, 1995) . To examine if septins also interact with the 239 plus ends of microtubules in S. rosetta, we co-transfected cells with mTFP1-SrSeptin2 and the 240 tubulin marker α-tubulin-mCherry ( Fig. 4G ). Fluorescence microscopy showed that septin 241 filaments intercalate between cortical microtubules at the basal pole of the cell ( By synthesizing our growing knowledge of S. rosetta biology with a rigorous 249 characterization and optimization of each step in the transfection procedure, we have developed 250 a robust method for transgenesis in S. rosetta that can be easily implemented by other 251 laboratories. This method overcomes numerous barriers that prevented efficient DNA delivery in 252 our prior attempts using diverse methods, including standard electroporation, lipofection, 253 bombardment, and cell-penetrating peptides. A key breakthrough for this study was the 254 discovery that the extracellular coat surrounding S. rosetta might present a barrier for 255 transfection, which motivated the development of a method to gently remove the extracellular 256 material surrounding S. rosetta, thereby sensitizing cells for transfection. Additional 257 improvements to the transfection procedure, such as a step for promoting the closure of the 258 plasma membrane after electrical pulsation, were designed to address the unique challenges 259 that arise from culturing S. rosetta in sea water. Just as our method was informed by 260 approaches developed in model microeukaryotes (Chlamydomonas and yeast), the methods we 261 have established in S. rosetta will likely extend to aid gene delivery in diverse non-model marine 262 microeukaryotes. Overall, the gestalt of continually improving choanoflagellate husbandry (Levin 263 and King, 2013) , developing protocols for priming and recovering cells during nucleofection, and 264 extensively optimizing transfection based on a quantitative assay produced a robust method for 265 gene delivery in S. rosetta. 266
This work also provides a foundational set of vectors for expressing transgenes in S. 267 rosetta (Dataset S1). In these vectors, the expression of luciferase or fluorescent proteins was 268 placed under the control of native regulatory elements. From these vectors, we constructed a 269 (Hartwell, 1971 ). In addition to their conserved roles in cell division (Neufeld and Rubin, 1994) , The ability to express transgenes in S. rosetta described here will accelerate studies of the 308 ancestral functions of animal genes that are conserved in choanoflagellates. We anticipate that 309 future work will build on this approach, eventually leading to the development of methods for Cell culture and media preparation 319 S. rosetta was cultured with a single bacterial species, E. pacifica, that serves as a food 320 source (Levin and King, 2013) . Media recipes are provided in Table S1 . Cultures were 321 established from frozen aliquots by adding 1 ml of thawed cells to 10 ml of 0.2x High Nutrient 322
Media (Table S1 ). After the cells reached a density of 10 4 cells/ml, the culture was split 1:2 into 323 1x High Nutrient Media with a constant volume of 0.24 ml/cm 2 . After this initial split (denoted as 324 day 0), cells were passaged in 1x High Nutrient Media according to the following schedule: 1:4 325 dilution on day 1, 1:8 dilution on day 2, 1:16 on day 3. Subsequently cells were passaged every 326 day at a 1:24 dilution or every other day as a 1:48 dilution of cells. 327
Based on the recommendation from Lonza to use a medium with a low calcium 328 concentration for transfecting mammalian cells, we searched for a seawater recipe with a lower 329 concentration of calcium than the routinely-used artificial seawater made from Tropic of Marin 330
Salts (Levin and King, 2013) , which has a calcium concentration of 9.1 mM at a salinity of 35 331 g/kg (Atkinson and Bingman, 1998) . The AK seawater formulation (Table S1 ) that has been 332 used to culture marine algae (Hallegraeff et al., 2004) and dinoflagellates (Skelton et al., 2009 ) 333 and has a calcium concentration of 2.7 mM. We found that S. rosetta grows more rapidly in 1x 334
High Nutrient Media prepared in AK seawater rather than seawater prepared with Tropic of 335 Marin Salts (Fig. S2A ). Therefore, we switched to a growth medium based on AK seawater for 336 routine culturing. After optimizing the nucleofection protocol, we demonstrated that growing S. 337 rosetta in AK seawater also resulted in higher transfection efficiencies ( Fig. S2B) Optimized transfection protocol 377
The protocol is summarized in Fig. 2 and detailed protocols for reagent preparation and 378 transfection are available at protocols.io at the following link: Wash. After 36-48 hours of growth, bacteria were washed away from S. rosetta cells 386 through three consecutive rounds of centrifugation and resuspension in sterile AK seawater. 387
The culture flask was vigorously shaken for 30 sec to homogenize the 200 ml that was seeded 388 two days prior (see above) and then transferred to 50 ml conical tubes and spun for 5 min at 389 2000 x g and 22°C. The supernatant was removed with a serological pipette, and residual 390 media was removed with a fine tip transfer pipette. The cell pellets were resuspended in a total 391 volume of 100 ml of AK seawater, vigorously shaken in their conical tubes for 30 sec, and then 392 centrifuged for 5 min at 2200 x g and 22°C. The supernatant was removed as before. Each cell 393 pellet was resuspended in 50 ml of AK seawater, vigorously shaken for 30 sec, and centrifuged 394 for 5 min at 2400 x g and 22°C. After the supernatant was removed, the cells were resuspended 395 in a total volume of 100 µl of AK seawater. A 100-fold dilution of cells was counted on a Luna-FL 396 automated cell counter (Logos Biosystems) and the remaining cells were diluted to a final 397 concentration of 5x10 7 choanoflagellate cells/ml. The resuspended cells were divided into 100 µl 398 aliquots with 5x10 6 cells per aliquot to immediately prime cells in the next step. A 200 ml culture 399 typically yields 6-8 aliquots of cells. 400
Prime. After washing away bacteria, each aliquot of S. rosetta cells was incubated in 401 priming buffer to remove the extracellular material coating the cell. The 100 µl aliquots that 402 contained 5x10 6 cells were centrifuged for 5 min at 800 x g and at room temperature. The 403 supernatant was removed with a fine tip micropipette. Cells were resuspended in 100 µl of 404 priming buffer (40 mM HEPES-KOH, pH 7.5; 34 mM Lithium Citrate; 50 mM L-Cysteine; 15% 405 (w/v) PEG 8000; and 1 µM papain) and then incubated for 30 min. Priming was quenched by 406 adding 2 µl of 50 mg/ml bovine serum albumin-fraction V (Sigma) and then centrifuged for 5 min 407
at 1250 x g and 22°C with the centrifuge brake set to a 'soft' setting. The supernatant was 408 removed with a fine-tip micropipette, and the cells were resuspended in 25 µl of SF Buffer 409 (Lonza). 410
Nucleofect. Each transfection reaction was prepared by adding 2 µl of 'primed' cells 411 resuspended in SF buffer to a mixture of 14 µl of SF Buffer; 2 µl of 20 µg/µl pUC19; 1 µl of 250 412 mM ATP, pH 7.5; 1 µl of 100 mg/ml Sodium Heparin; and ≤7 µl of reporter DNA. (Note that 413 higher volumes of nucleofection lead to lower transfection frequencies; thus, reporter DNA 414 should be as concentrated as possible, not exceeding 7 µl. Also, see below for "Note about 415 titrating reporter plasmids.") The transfection reaction was transferred to one well of a 96-well 416 nucleofection plate (Lonza). The nucleofection plate was placed in a Nucleofector 4d 96-well 417 Nucleofection unit (Lonza), and the CM156 pulse was applied to each well. 418
Rest and recover. Immediately after pulsation, 100 µl of ice-cold recovery buffer (10 mM 419 HEPES-KOH, pH 7.5; 0.9 M Sorbitol; 8% (w/v) PEG 8000) was added to the cells, Recovery 420 buffer was gently mixed with the transfected cells by firmly tapping the side of the plate and then 421 incubating the samples for 5 min. The whole volume of the transfection reaction plus the 422 recovery buffer was transferred to 1 ml of 1x High Nutrient Media in a 12-well plate. After the 423 cells recovered for 1 hour, 5 µl of a 10 mg frozen E. pacifica pellet resuspended in media (see 424 above), was added to each well. The cells were grown for 24 to 48 hours before assaying for 425 luminescence or fluorescence. 426
Note about establishing transfection in non-model microeukaryotes. Establishing a 427
transfection protocol for S. rosetta required adapting several different transfection procedures 428 for a variety of eukaryotic cells to meet the unique requirements of S. rosetta. While the specific 429 details for transfecting S. rosetta may not be readily applicable to other organisms, the general 430 considerations and the process for optimization that led to the development of the transfection 431 protocol described here could inform efforts to transfect other microeukaryotes. Therefore, we 432 have included a summary in the supplementary information (See text and Figs. S10 and S11) of 433 the initial development and optimization of the aforementioned protocol. 434
435
Nanoluc reporter assay 436
To measure relative transfection efficiency resulting from different transfection protocols 437 and promoters, we performed luciferase assays on lysates of transfected cells. Cells transfected 438 with 2.5 µg of nanoluc reporter plasmids were pelleted by centrifuging for 10 min at 4200 x g 439 and 4°C. The supernatant was removed and the cells were resuspended in 50 µl of NanoGlo 440 buffer (Promega) and then transferred to a well of a white, opaque 96-well plate (Greiner Bio-441 one Cat No.655083). Luminescence was immediately recorded on a Spectramax L Microplate 442 Reader (Molecular Devices) with a 1 min dark adaption and 10 sec dwell time with the 443 photomultiplier gain set to photon counting mode. 444
Based on standard definitions from analytical chemistry (Harris, 2007) the detection limit 445 was set to three standard deviations above the background signal such that any signal above 446 the detection limit has less than a 1% chance of arising from random error. The limit of detection 447 was calculated in two different ways. First, the y-axis intercept and standard deviation were 448 calculated from a standard curve (Harris, 2007) fit to a serial dilution of nanoluc versus 449 luciferase activity (Fig. S3A) . To decrease the bias toward higher luciferase values, the standard 450 curve was fit with the objective (O): ≡ min ∑
, where m is the measured luciferase value 451 for a given data point i and c is the calculated luciferase value. Second, the detection limit was 452 also determined as three standard deviations above the mean of eight replicate luciferase 453 measurements of cells transfected without any reporter plasmid, which resulted in the same 454 calculated detection limit. 455
Reproducibility in luciferase assays was assessed by performing at least two independent 456 experiments on separate days with different preparations of 'primed' cells; data presented in 457 Fig. 2, S2, S3 , S10, and S11 represent one of the independent experiments. Within each 458 experiment from the same preparation of 'primed' cells, replicate measurements were 459 performed by setting up three to five independent transfections for each condition (shown as 460 black dots); bar graphs in Fig. 2, S2, S3 , S10, and S11 show the mean values of the five 461 independent transfections with error bars showing the standard deviation. Before performing 462 statistical tests that rely on a normal distribution, luciferase data were transformed to a log-463 normal distribution by taking the base-10 logarithm of luciferase values as gene expression data 464 from luciferase assays display a log-normal distribution (Muranaka et al., 2013) . The transfected cells were gated to exclude >99.99% of untransfected cells as determined from 484 a negative control reaction that was transfected without a fluorescent reporter ( Fig. 2E, left  485 panel). 486
487
Live cell imaging 488
An important benefit of transgenics is the ability to visualize protein localization and cell 489 architecture in living cells. To this end, we have established improved protocols for live cell 490 imaging in S. rosetta. Glass-bottomed dishes were prepared for live cell microscopy by corona-491 treating the glass for 10 s. Afterwards, 300 µl of 0.1 mg/ml poly-D-lysine was applied to the 492 glass cover (18 µl/cm 2 ), incubated for 10 min at room temperature, and then removed. Excess 493 poly-D-lysine was washed away from the glass surface with three rinses of 500 µl artificial 494 seawater. 495
Cells transfected with 5 µg of each fluorescent reporter were prepared for microscopy by 496 Confocal microscopy was performed on a Zeiss Axio Observer LSM 880 with an Airyscan 507 detector and a 63x/NA1.40 Plan-Apochromatic oil immersion objective. The mTFP1 and 508 mCherry fluorophores were selected for two-color imaging due to their high photostability and 509 minimal spectral overlap. Confocal stacks were acquired in superresolution mode using ILEX 510 line scanning and two-fold averaging and the following settings: 40 nm x 40 nm pixel size, 93 511 nm z-step, 0.9-1.0 µsec/pixel dwell time, 850 gain, 458 nm laser operating at 5% laser power, 512 561 nm laser operating at 3% laser power, 458/561 nm multiple beam splitter, and 495-550 nm 513 band-pass/570 nm long-pass filter. Images were initially processed using the automated 514 Airyscan algorithm (Zeiss) and then reprocessed by setting the Airyscan threshold 0.5 units 515 higher than the value reported from automated Airyscan processing. The stacks were further 516 processed by correcting for signal decay, background, and flickr in Zen Blue (Zeiss). Last, FIJI 517 (Schindelin et al., 2012) was used to apply a gamma factor to each channel and subtract the 518 background using a 100 pixel radius. 519
Epifluorescence and differential interference contrast images were recorded using a Zeiss 520 showed that 10 µg of total reporter plasmid(s) best balanced transfection efficiency, brightness, 528 and a faithful indication of subcellular architecture. We caution that high plasmid concentrations 529 can result in the overexpression of fluorescent markers, leading to aberrant localization of the 530 marker and gross changes in cell morphology. Such artefacts can be avoided by performing a 531 titration to determine the best concentration of plasmid and recording images from cells with a 532 range of fluorescence intensities that result from any transfection. One of the best markers to 533 assess optimal reporter plasmid concentrations is the tubulin marker because of its distinct 534 localization that can be benchmarked with immunofluorescence. 535 536
Immunofluorescence staining and imaging 537
Immunfluorescence was performed as previously described (Woznica et al., 2016) with 538 modifications to better preserve features of the cytoskeleton. Two milliliters of cells were 539 concentrated by centrifugation for 10 min at 2750 x g and 4°C. The cells were resuspended in 540 400 µl of artificial seawater and applied to poly-L-lysine coated coverslips (BD Biosciences) 541 placed in the bottom of each well of a 24-well cell culture dish. After allowing the cells to settle 542 on the coverslip for 30 min, 150 µl of the cell solution was gently removed from the side of the 543 dish. It is crucial to leave a small layer of buffer on top of cells to preserve the cell morphology, 544 hence the 250 µl of liquid left in the well. All of the subsequent washes and incubations during 545 the staining procedure were performed by adding and removing 200 µl of the indicated buffer. 546 Cells were fixed in two stages. First, the coverslip was washed once with 6% acetone in 547 cytoskeleton buffer (10 mM MES, pH 6.1; 138 KCl, 3 mM MgCl2; 2 mM EGTA; 675 mM 548 Sucrose), which better preserves the actin cytoskeleton (Cramer and Mitchison, 1995; Symons 549 and Mitchison, 1991) , and then incubated for 10 min at room temperature after a second 550 application of the acetone solution. Subsequently, the coverslip was washed once with 4% 551 formaldehyde diluted in cytoskeleton buffer and then incubated for 15 min at room temperature 552 after a second application of the formaldehyde solution. Last, the coverslip was gently washed 553 three times with cytoskeleton buffer. To prepare a slide for mounting, 10 µl of Pro-Long Diamond (Invitrogen) was added to a 570 slide. The coverslip was gently removed from the well with forceps, excess buffer was blotted 571 from the side with a piece of filter paper, and the coverslip was gently placed on the drop of Pro-572 Long diamond. The mounting media was allowed to cure overnight before visualization. 573
Images were acquired on a Zeiss LSM 880 Airyscan confocal microscope with a 63x 574 objective (as described for live cell imaging) by frame scanning in the superresolution mode with 575 the following settings: 35 nm x 35 nm pixel size; 80 nm z-step; 0.64 µs/pixel dwell time; 561 nm 576 laser operating at 1.5% power with a 488/561 nm beam splitter, a 420-480 nm/495-620 nm 577 band pass filter, and a gain of 750; 488 nm laser operating at 1.5% power with a 488/561 nm 578 beam splitter, a 420-480 nm/495-550 nm band pass filter, and a gain of 750; and 405 nm laser 579 operating at 1.5% power with a 405 nm beam splitter, a 420-480 nm/495-550 nm band pass 580 filter, and a gain of 775 prepare S. rosetta for transfection, cells were harvested at mid-log phase and then washed to 910 remove bacteria (depicted as grey ovals). S. rosetta cells (depicted with an apical collar, 911 flagellum, and nucleus; n) were primed for nucleofection (step 1) through washing with a buffer 912 that degrades extracellular material. A DNA plasmid encoding a highly sensitive luciferase, 913 nanoluc, or a fluorescent protein was then transfected into the nucleus with a nucleofector (step 914 2). Immediately after transfection, the cells rested in a buffer that promotes membrane closure 915 (step 3). Finally, the cells were transferred into 1x High Nutrient Media prepared with AK 916 seawater for two days (step 4) before we assayed the expression of nanoluc or fluorescent 917 proteins from the transfected DNA. (B) Non-coding DNA sequences flanking the coding 918 sequences for S. rosetta elongation factor L (pEFL), α-tubulin (pTub), β-actin (pAct), and 919 histone H3 (pH3) genes drive the expression of a codon-optimized nanoluc reporter gene. 2.5 920 µg of pEFL-nanoluc, pTub-nanoluc, pAct-nanoluc, and pH3-nanoluc reporter plasmids were 921 each transfected into S. rosetta and the cells were subsequently assayed for luciferase 922 expression. Each reporter produced a luminescence signal that was at least three orders of 923 magnitude greater than the detection limit (dotted line) and significantly greater (one-way 924 ANOVA, p < 0.001) than the background from a negative control, in which cells were 925 transfected with an empty pUC19 vector (None). See Materials and Methods for details on 926 replicates and statistical tests. (C) Systematically omitting each step of the transfection 927 procedure revealed critical steps for the delivery and expression of plasmid DNA in S. rosetta 928 cells. As a baseline for comparison, cells with 2.5 µg of pH3-nanoluc reporter (row b) produced 929 a luciferase signal that was three orders of magnitude greater than the background detected 930 from cells transfected without the reporter plasmid (row a). Omitting the priming step by 931 incubating cells in artificial seawater instead of priming buffer (row c), decreased luciferase 932 signal by over two orders of magnitude. Nucleofection without carrier DNA (row d) or the 933 application of the CM156 electrical pulse (row e) resulted in a complete loss of luciferase signal, 934 indicating that both were essential for successful transfection. Directly transferring cells to sea 935 water after nucleofection instead of a buffer that promotes membrane resealing during the rest 936
step (row f) decreased the luciferase signal almost ten-fold. Finally, despite the fact that most 937 prey bacteria were washed out prior to nucleofection, addition of fresh prey bacteria did not 938 appear to be necessary. Supplementing transfected cells with fresh prey bacteria at the start of 939 the recovery step had seemingly little effect on transfection success (row g), probably due to the 940 persistence of a small number of live bacteria throughout the nucleofection procedure. (D and 941 E) Fluorescent reporters mark transfected cells. Live cells transfected with a pAct-mWasabi 942 reporter construct could be observed by fluorescence microscopy (D) and quantified by flow 943 cytometry (E). Untransfected cells were used to draw a gate that includes 99.99% of cells, or 944 four-standard deviations above the mean fluorescence value (left). The same gate was applied 945 to a population of transfected cells (right) to categorize the mWasabi-population. Cells with 946 higher values of green fluorescence that laid outside of the mWasabi-gate are categorized as 947 mWasabi+. The efficiency of transformation, as quantified by three independent flow cytometry 948 experiments, was ~1% in a population of 1 million cells. 949 950
Figure 3: Fluorescent markers illuminate the cell biology of S. rosetta in live cells 951
Fluorescent subcellular markers expressed from reporter plasmids in live S. rosetta cells were 952 constructed by fusing mCherry in frame to genes encoding localization peptides and proteins 953 (Datasets S1 and S3). Twenty-four hours after co-transfecting cells with 5 µg of a plasmid 954 encoding a subcellular marker fused to the mCherry protein and 5 µg of a plasmid encoding 955 untagged mTFP1 that served as a whole cell marker, live cells were visualized by 956 superresolution microscopy with a Zeiss LSM 880 Airyscan. The variation in localization of the 957
